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ABSTRACT: This study is aimed at elucidating the physical
processes responsible for the excellent spectral qualities in
terms of full width at half-maximum (fwhm) and signal-to-
noise (S/N) ratio shown in a special double pulse laser-
induced spectroscopy. Apart from the use of atmospheric He
ambient gas, the achievement is due to the first laser for
generating He gas plasma and the subsequent use of the
second laser pulse for target ablation, in opposite order of the
two-laser operations in conventional double pulse LIBS. This
setup allows adjustments of the many experimental parame-
ters to yield the optimal condition resulting in 0.03 nm fwhm
and around 1000× S/N ratio of Cu I 521.8 nm and far surpasses the spectral qualities obtained by other techniques. This is
obtained by allowing the crucial separation of the target plasma from the He gas plasma and thereby enabling the He-assisted
excitation (HAE) to play its full and unique role of nonthermal excitation, taking advantage of metastable excited He atoms in
the He plasma and the Penning-like energy transfer process. This excellent performance is further verified by its successful
application analysis of Cr in low alloy steel samples, with the presence of smooth linear calibration lines, signifying the absence
of the self-absorption effect well-known in ordinary LIBS.
Laser-induced breakdown spectroscopy (LIBS) has beenwidely acclaimed as an efficient and practical technique for
rapid spectrochemical analysis of a large variety of material
samples, on the basis of continued improvements in laser and
detection systems as well as data processing and other
technical aspects.1−34 Recent successful application in the
geological exploration on Mars certainly bears witness to its
rising prospect for expanding contributions to spectrochemical
analysis, including the important field-deployable applica-
tions.25 The wide-ranging advances achieved so far are clearly
not only limited to instrumental or other technical areas.
Different methods of measurement and excitation have also
been introduced into the field all along. Among these are the
double pulse (DP) methods, in which intensity enhancements
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have been reported using both colinear double pulse (CDP)
and orthogonal double pulse (ODP).35−48 These earlier DP
experiments shared basically the same idea of using the first
laser to initiate the first target ablation, followed by the second
laser of higher energy to re-excite (reheat) the ablated atoms. A
number of earlier studies suggesting the role of re-excitation by
the second laser pulse at higher energy were shown to have
little support from the insignificant increase of the resulting
plasma temperature.44,46,47 The observation of large mass
removal from the target by the second laser had led to the
following intensive studies showing that the intensity enhance-
ments in both DP configurations are better attributed to the
ambient air rarefaction produced by the shock wave generated
by the first laser pulse and thereby increase the ablation
efficiency of the target by the second laser.39
Unfortunately, despite the continued development of DP
methods in a variety of applications with various modifica-
tions,35−38 most of the those reported works are short of
addressing the resulting spectral qualities such as the full width
at half-maximum (fwhm) of the emission line and the
corresponding S/N ratio. For instance, experiments applying
the ODP LIBS technique for the detection of H-D emission
lines from zircaloy and titanium samples failed to exhibit
adequately resolved H and D emission lines.49−51 It was then
realized that this was due to the poor spectral quality marked
mainly by the insufficiently small fwhm required to resolve H I
656.2 nm and D I 656.1 nm emission lines which are separated
by less than 0.18 nm.
At about the same period of time, a different method was
proposed to adopt helium (He) ambient gas instead of
ambient air to take advantage of the He metastable excited
state-assisted excitation (HAE) process for the delayed re-
excitation of the ablated atoms when the plasma had
sufficiently cooled down and become largely free from the
electrons and ions generated at the early stage of target
ablation and plasma formation. As a result, the delayed
emission lines are supposed to benefit from a much reduced
Stark broadening effect and undesirable continuum back-
ground due to the vanishing Bremstrahlung effect. Exper-
imental results showing the sharper emission lines with higher
S/N ratios have been reported.49−51 However, simply replacing
ambient air with He ambient gas in the conventional DP
experiment did not fare much better than the previously
reported results.52−58
It became clear that one can only take the full and unique
advantage of HAE by separating it from the target ablation
process. In other words, the conventional DP method must be
modified regarding the functions of the two lasers employed
and their operational procedure. In the newly proposed DP
setup,59 the first laser is used to generate the He gas plasma,
while the target ablation was left to the second laser which was
activated at a due delay such that the target plasma will enter
the He gas plasma after both plasmas are sufficiently cooled
down and free from the charged particles, while a considerable
amount of He atoms in the gas plasma remain in their
metastable excited state. In this arrangement, the detected
analyte emission spectrum is mainly or even solely the result of
HAE mechanism, instead of the shockwave plasma-induced
thermal excitation process in conventional LIBS. As a result,
the emission spectrum does not suffer much from the Stark
broadening and the continuum background that deteriotes the
fwhm and the S/N ratio. These special advantages have led to
the implementation of that idea by a new experimental method
with an acronym LIPS-He* (laser-induced plasma spectrosco-
py utilizing He metastable excited state) to stress the different
excitation process adopted in the method. This was then
employed for further studies on the exclusive role of HAE in
generating the spectrochemical emission spectra.60,61 The
successful detection of H-D analysis using LIPS-He* from
the zircaloy sample, marked by H-D emission lines with less
than 0.04 nm fwhm,61 have demonstrated the completely
resolved H-D spectral lines. Encouraged by this unusual result,
it is only natural to have it subjected to further elucidation and
substantiation of the previous experimental results that will
provide further evidence to clarify the underlying physical
process. This is conducted by using a pure Cu sample for its
strong green plasma emission. In addition to that, it is also
important to show and compare the result of its application to
a different sample. For this purpose, chromium (Cr) analysis in
steel products has been chosen, as the Cr concentration in steel
is known to significantly influence the magnetic effect and
other qualities of the steel product.
■ PROCEDURE
The two-laser experimental setup is the same as that reported
previously (see ref 61), but it is described in Figure 1 with
additional illustrations of the detection arrangements for
emission from different plasma areas denoted in Figure. 2.
The first laser is a Nd:YAG laser which operates at 1064 nm
wavelength (Quanta Ray Lab 130-10, Newport Corp., Irvine,
CA, 10 Hz repetition rate with maximum energy of 450 mJ).
This laser is focused from above the interaction chamber with
a quartz lens of 150 mm focal length to generate a He gas
plasma at about 5 mm from the sample surface. The helium gas
used in this experiment is supplied by Air Liquid with 6N
purity and flown to the interaction chamber at a constant rate
of 5 L/min to maintain the gas pressure of 760 Torr in the
chamber. The second Nd:YAG laser is operated at 355 nm
(Quanta Ray INDI 10, Newport Corp., 10 Hz repetition rate
with maximum energy of 125 mJ). It is focused onto the
sample surface using a quartz lens of 200 nm focal length. On
the basis of repeated measurements, the 10 μs delay of the
second laser pulse does produce the optimal quality of the Cu
emission spectrum given the laser energies used, more or less
Figure 1. Diagram of the experimental setup.
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equal to the previously reported experiment result.59,61 With
this arrangement, both plasmas will have significantly cooled at
the arrival of the ablated atoms in the He plasma as depicted in
Figure 2 and the associated explanation. The emission spectra
of the analyte atoms are collected by an optical fiber which has
one of its ends positioned 3 cm alongside the helium plasma,
so that the fiber will only collect emission from the region of
the helium gas plasma without interference from target plasma
as shown in the Figure 1. On the other hand, for the exclusive
collection of the target plasma emission, the fiber is moved to a
different position while the He gas plasma is blocked by a black
paper placed as shown in the same figure. The light-collecting
function of the fiber and the blocking function of the black
paper are both subjected to experimental verifications. Another
end of the fiber is connected onto an input slit of a
spectrograph (Andor model 2061, focal length 1000 mm, f/
8.6 Czerny Turner configuration) with its exit slit coupled to
the gated intensified charge couple devices (ICCD; Andor Istar
intensified CCD 1024 × 256 pixels, UK). The triggering of the
ICCD and the synchronization between the two lasers are
performed by using a digital delay generator (DG 535,
Stanford Research System, Sunnyvale, CA). The gate delay and
gate width of the ICCD are fixed at 1 and 30 μs, respectively.
The experiment conducted in this work is divided into two
parts. The first part is devoted to further elucidation and
clarification of the LIPS-He* mechanism. For this part, the
sample used is a Cu plate of 5N purity purchased from Rare
Metallic Co. The choice of Cu plate is based on the strong
Figure 2. Photograph of helium gas plasma when only the first laser is employed at a laser energy of (a) 70 mJ and (b) 110 mJ, (c) when both
lasers are operated, the first laser of 70 mJ energy and the second laser of 15 mJ energy, (d) when both lasers are operated, the first laser of 70 mJ
energy and the second laser of 100 mJ energy. The first laser is switched on 10 μs prior to the second laser. Each photograph is taken using only 1
accumulation in the digital camera.
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green color of its generated plasma emission which is in clear
contrast to the orange helium gas plasma. The Cu sample of
0.2 mm thickness is then cut into the round pieces of 30 mm
radius. The second part of the experiment is focused on the
application of this special mode of measurement to the
spectrochemical analysis of chromium from a set of standard
low alloy steel samples with 0.1%, 0.3%, 0.5%, 1.02%, and
2.03% concentrations of chromium. During all the experi-
ments, the sample is rotated at 5 rpm.
■ RESULTS AND DISCUSSION
The first part of this study is carried out on the spatial relation
between the He gas plasma and the target plasma as well as
their emission characteristics. The goal is to further clarify and
identify their separate roles in the LIPS-He* measurement and
to determine the favorable experimental condition for that
purpose as well as for its application. Figure 2(a) shows the He
gas plasma when only the first laser is employed at the
fundamental wavelength and pulse energy of 70 mJ. Figure
2(b) shows the result of a repeated measurement at the higher
laser pulse of 110 mJ. Presented in Figure 2(c) is the result
obtained with the first laser operated at 70 mJ followed by the
second laser pulse of 355 nm wavelength which is activated 10
μs later at 15 mJ pulse energy. Recorded in Figure 2(d) is the
result obtained by simply raising the second laser pulse energy
of 355 nm wavelength to 100 mJ. One clearly sees from Figure
2(a) the strong and intense orange reddish color of the He
plasma contributed by the He I 587.6 nm (triplet) and He I
667.9 nm (singlet) emission lines. By increasing the first laser
pulse energy to 110 mJ, the resulting He plasma size as shown
in Figure 2(b) is seen to increase accordingly. But one also
notices the appearance of increased white spots inside the He
gas plasma compared to those appearing in Figure 2(a). These
white spots are indications of the presence of remaining H2O
impurity molecules which will be more readily dissociated at
higher laser energy, leading to decreased S/N ratio.49,50 The
similar undesirable indication is also found to increase in lower
gas impurity. We have thus settled on the 5N He gas and 70
mJ pulse energy for the first laser in all the ensuing
experiments.
The plasma photos shown in Figure 2 deserve additional
remarks. In particular, Figure 2(c) displays two separated
plasmas as a result of optimization of the experimental
parameters (pulse energies, delay time, and the He plasma
position from the target surface). The one farther away is
clearly the He gas plasma bearing the marks of the strong
orange color of He singlet and triplet emission lines. The one
closer to the target is evidently the target plasma as obviously
marked by the outer green color from the Cu I 510.5 nm, Cu I
515.3 nm, and Cu I 521.8 nm emission lines. The target
plasma emission areas denoted by area A in Figure 2(c) is
supposed to be thermally LIBS-generated emission of the
ablated Cu atoms. It appears however to be rapidly diminishing
toward the He plasma and mainly confined to the left of the
He plasma. This in turn implies that the ablated atoms have
largely returned to their ground states before entering the He
plasma. Therefore, their emission lines detected from the He
plasma area, denoted by area B in Figure 2(c), are most likely
the result of the HAE process by the metastable excited He
atoms remaining in the He plasma. It should also be noted that
when the second laser energy is increased beyond the 15 mJ,
the target plasma and He gas plasma begin to exhibit partial
overlap with each other and become largely overlapped as the
second laser pulse energy reaches 100 mJ as shown in Figure
2(d). The weak green Cu emission appearing beyond the He
gas plasma even indicates the presence of remaining thermal
emission of the ablated Cu atoms which is somewhat
weakened during their passage in the He plasma area. Under
this condition, the emission detected from the He plasma area
is bound to have the contribution of thermally induced
emission. A further comparison of the related Cu spectra
obtained from those different areas and the corresponding
spectral qualities are nevertheless required to clarify the
underlying physical processes. It should be recalled that in
contrast to the previous DP experiment, the second laser pulse
energy is much lower than the first laser pulse energy for
reasons related to the description of Figure 2(d) given above,
which also has the benefit of being less destructive.
The Cu emission spectra detected exclusively from the He
plasma areas denoted by B and C in Figure 2(c,d), as well as
that from the target plasma area denoted by A in Figure 2(c)
are presented in Figure 3(a−c), respectively. One sees in
Figure 3(b) a very strong Cu emission with extremely low
background typical of emission spectra obtained with LIPS-
He*.61 The Cu I 521.8 nm emission line is seen to feature 0.03
nm fwhm and S/N ratio of 1082×. These spectral qualities
evidently surpass those exhibited by the spectra presented in
Figure 3(a,c), which are either generated by thermal excitation
alone or jointly contributed by thermal and LIPS-He*
excitations as cited in the figure. These are also consistent
Figure 3. Emission spectra of the Cu plate sample taken when both
lasers are operated: (a) for the case of area A as depicted in Figure
2(c); (b) for the case of area B as depicted in Figure 2(c); (c) for the
case of area C as depicted in Figure 2(d).
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with the electron densities equivalently estimated for the
corresponding spectra, about 1018/cm3 for Figure 3(a,c) but
about 1016/cm3 for Figure 3(b), which are also suggested in
the earlier discussion of Figure 2(c,d). In other words, the
exclusively HAE-induced emission of Cu is unquestionably
superior to those induced by thermal excitation alone (area A
of Figure 2(c)) and by both excitation mechanisms (area C of
Figure 2(d)), which share the same fwhm of 0.09 nm and
relatively the same low S/N ratios that are typical of emission
lines in DP LIBS. We have thus demonstrated the unique and
remarkable advantages of the Cu emission generated by LIPS-
He* with the optimal experimental parameters chosen for the
demonstration. The central role of HAE and the need of
separating the target ablation from the relatively cool He
plasma in this method have thus been verified.
In view of the crucial role of HAE, it is worthwhile to briefly
summarize the hitherto not yet commonly adopted excitation
mechanism, although it was already reported in the
literature.49,50 In HAE, the source of energy for exciting and
ionizing the analyte atoms was proposed to be supplied from
the metastable excited He atoms in the He plasma. However,
the lowest metastable excitation energy of the He atoms is
about 19.8 eV which is far higher than the excitation energies
of Cu and Cr used in this work (2.9 eV for Cu I 510.5 nm, 6.2
eV for Cu I 515.3 nm and Cu I 521.8 nm, and 2.9 eV for Cr I
425.4 nm). The direct energy transfers from metastable excited
He atoms to those ablated atoms are highly improbable, and a
Penning-like collision-induced energy transfer was proposed to
facilitate the ionization of the analyte atoms in the relatively
cool He plasma as reported in the literature49,50 including the
designation of He I 587.6 nm and He I 667.9 nm emission
lines as the major metastable excited states of He involved in
the HAE process. This delayed excitation takes place when the
He gas plasma and the target plasmas entering the He gas
plasma have become sufficiently cooled and considerably free
from the charges as shown in Figure 2(c). Having shown the
excellent spectral quality of the Cu emission spectrum
produced by the special LIPS-He* technique described
above, it is tempting to copy the same technique to the
elemental analysis of a different sample such as the standard
sample of low alloy steel, in particular, the Cr elemental
analysis. However, for the sake of comparison, the measure-
ments are also conducted in areas A, B, and C as depicted in
Figure 2(c,d). All the resulting spectra and the detection limit
and S/N ratios estimated from the Cr spectra are presented in
Figure 4. In addition to the large differences in the detection
limits (20, 3, and 15 ppm for areas A, B, and C, respectively),
one also notices that the B case produces the best spectral
quality among the three in terms of fwhm and S/N ratio.
Specifically, for Cr I 425.4 nm, our data yield fwhm of 0.03 nm
and S/N ratio of around 1000×, which clearly show that the B
area emission largely outperforms the emission yielded in areas
A and C. Judging from the excellent spectral quality of Cr I
425.4 nm emission line in Figure 4, it is tempting to investigate
the possible correlation between the Cr emission intensities
and its concentrations in the host sample. To this end, a series
of low alloy steel samples are prepared with 0.1, 0.3, 0.5, 1.02,
and 2.03% Cr concentrations for the same measurement as
shown in Figure 4. The resulting concentration−intensity plot
is presented in Figure 5. It clearly exhibits a good linear
calibration line with an extrapolated near zero intercept for the
area B case. This may be taken as a significant indication of the
absence of a self-absorption effect encountered in some LIBS
results. On the other hand, repeating the same measurements
for emission from areas A and C for exactly the same set of
samples invariably end up with data that fail to produce
desirable linear plots as the one depicted in case B. Even
though basically similar spectra are obtained in Figure 4, the Cr
emission lines stands out in its fwhm and S/N ratio, as it is
Figure 4. Emission spectra of low alloy steel containing 0.1% of Cr
taken when both lasers are operated: (a) for the case of area A as
depicted in Figure 2(c); (b) for the case of area B as depicted in
Figure 2(c); (c) for the case of area C as depicted in Figure 2(d).
Figure 5. Ratio of Cr I 425.4 nm/Fe I 425.0 nm as a function of Cr
concentration in low alloy steel. Data are taken for areas A, B, and C
as in the case of Figure 4.
Analytical Chemistry Article
DOI: 10.1021/acs.analchem.9b01618
Anal. Chem. 2019, 91, 7864−7870
7868
mostly induced by HAE while the other two results are either
fully or partially due to thermal excitation process.
■ CONCLUSION
This study has explicitly demonstrated beyond any doubt the
superior fwhm and S/N ratio of the Cu emission produced by
the orthogonal double pulse LIPS-He* technique with
properly adjusted experimental conditions in comparison
with the Cu emission generated by other modes of double
pulse measurement involving the conventional thermal
excitation processes. It is argued from the experimental result
that the remarkable achievement is mainly due to the modified
functions of the two lasers as separate He and target plasma
generator operating in proper order that has enabled the
metastable excited He atoms in the He plasma to play the
central role in the delayed re-excitation of the ablated Cu
atoms (HAE process). This excellent spectral performance is
solidly confirmed in the application of this technique to
spectrochemical analysis of Cr in the low alloy steel samples,
which is marked by the presence of a linear calibration line
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